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Internal photoemission measurements of barriers for electrons at interfaces between GaAs(111) and
atomic-layer deposited Al2O3 indicate that changing the GaAs polar crystal face orientation from the
Ga-terminated (111)A to the As-terminated (111)B has no effect on the barrier height and remains
the same as at the non-polar GaAs(100)/Al2O3 interface. Moreover, the presence of native oxide on
GaAs(111) or passivation of this surface with sulphur also have no measurable inﬂuence on the
GaAs(111)/Al2O3 barrier. These results suggest that the orientation and composition-sensitive
surface dipoles conventionally observed at GaAs surfaces are effectively compensated at GaAs/oxide
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3698461]
interfaces. V
Degraded electron transport properties of AIIIBV
semiconductor materials at the interfaces with insulators remain
a major obstacle hindering development of high-mobility
channel structures for future generations of metal-oxidesemiconductor (MOS) devices. Recently, a signiﬁcantly
improved MOS transistor performance was achieved by replacing the traditional (100)GaAs or In0.53Ga0.47As surface orientation by the polar (111)A (Ga or In-rich) crystal face in
combination with thermal atomic-layer deposition (ALD) of
insulating Al2O3.1,2 Moreover, the pre-ALD surface treatment
in (NH4)2S leads to further enhancement of the electron mobility suggesting a lower scattering rate. These results were
explained by elimination of hypothetically present interface
dipoles, operating as the major factor in electron scattering.2
Indeed, GaAs surface dipoles are long known for their strong
sensitivity to the composition and processing of the surface.3–6
However, if applied to an interface, the surface dipole
concept must be extended beyond the ﬁrst layer of interatomic bonds: A charge transfer may also occur between
atomic layers located further away from the semiconductor
surface plane which might give rise to an additional contribution(s) to the electrostatic potential. Aiming at evaluation
of these interface dipoles, we addressed the effect of GaAs
crystal face orientation, (100) versus (111)A (Ga-terminated)
and (111)B (As-terminated), as well as of surface chemical
treatment on the interface barrier height for electrons
between GaAs and ALD-grown Al2O3. Within an accuracy
of 0.1 eV, we found no measurable contribution of
orientation-dependent dipoles, suggesting that the crystal
face sensitive charge transfers in the ﬁrst layer of GaAsoxide bonds7 are compensated by the dipole moments stemming from the next-to-the-ﬁrst atomic layers at the GaAs/
Al2O3 interfaces.
In the present work we address the possible impact of
both the GaAs crystal face orientation and the surface chemical treatment on the dipole component of the interface barrier with ALD Al2O3 insulator ﬁlms. The samples were
a)
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prepared on both n- or p-type GaAs single crystals with dopant concentration of  6  1017 cm3 and, for each dopant
type, two polar surface plane orientations, GaAs(111)A (Gaterminated) and GaAs(111)B (As-terminated) were explored.
This set of samples is contrasted with the previously studied
case of the non-polar GaAs(100) face.8 Three different GaAs
surface conditions were compared: A surface covered with
native oxide, a surface with native oxide on passivated by
(NH4)2S treatment (20 min in a 10% polysulﬁde water solution at room temperature),2,9 and a surface from which native
oxides were removed by HCl cleaning (3.7% water solution)
followed by the above indicated (NH4)2S treatment. Insulating Al2O3 ﬁlms of 20 nm thickness were deposited on these
surfaces at 300  C by ALD using Al(CH3)3 and H2O precursors with a Al(CH3)3 pulse being injected ﬁrst. Crosssectional transmission electron microscopy (TEM) analysis
indicates that the samples obtained by ALD of Al2O3 onto
native GaAs oxide for both the A and B faces of GaAs(111)
[see examples shown in panels (a) and (b) in Fig. 1] exhibit a
1-nm thick interfacial layer (IL). Though the HCl etching
of the native oxide enhances the GaAs surface roughness,
TEM images obtained under different defocusing conditions
suggest that the IL becomes thinner [panel (c)] or even undetectable [panel (d)] in the sulphur passivated samples, in this
way indicating structural differences of the interfaces as
affected by the pre-ALD GaAs surface treatment. More
TEM images can be found in the supplemental material.10
The energy barrier height for electrons at the GaAs/
Al2O3 interfaces was determined using the spectroscopy of
internal photoemission (IPE) of electrons from the valence
band (VB) of GaAs into the conduction band (CB) of the
Al2O3 insulator.11 These measurements were performed at
room temperature on MOS capacitors fabricated by thermoresistive evaporation of semitransparent (13-15-nm thick) Au
electrodes of 0.5 mm2 area onto the Al2O3 layer. The photocurrent across the oxide was measured as a function of photon energy (h) in the spectral range from 2.0 to 6.8 eV and
then recalculated to the quantum yield (Y) by normalizing to
the incident photon ﬂux. The interface barrier height (U) was

100, 141602-1
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FIG. 1. Cross-sectional TEM images of the interfaces prepared by ALD of
Al2O3 onto p-type GaAs(111)A and GaAs(111)B surfaces covered with
native oxide [panels (a) and (b), respectively] and of the p-GaAs(111)A/
Al2O3 interface prepared by etching the native oxide in HCl followed by sulphur passivation (c). For comparison is shown the image of an IL-free interface obtained on a sulphur passivated n-GaAs(111)A surface (d).

inferred from the dependence of Y on h as the spectral
threshold of electron IPE.12,13
Semi-logarithmic plots of the IPE yield spectra measured under þ2 V bias on the metal in GaAs(111)/Al2O3/Au
samples with different pre-ALD GaAs surface treatment are
compared in Fig. 2 for both the (111)A and (111)B GaAs
faces. The spectra are seen to be modulated by the features
universally observed at h  4.4 and h  4.9 eV which correspond to the direct optical transitions between high sym-

FIG. 2. Semi-logarithmic spectral plots of the IPE yield as a function of
photon energy measured, under þ2.0 V bias applied to the Au electrode, on
p-type (a) and n-type (b) GaAs(111)/Al2O3/Au samples for different surface
orientations and pre-ALD treatments. The vertical lines indicate energies of
optical singularities in the GaAs crystal. Insets show a schematic of the
observed electron transitions.

Appl. Phys. Lett. 100, 141602 (2012)

metry points in the Brillouin zone of the GaAs crystal
at 300 K, [Cv8-Cc7 at E00 ¼ 4.4 eV, and X7-X6/Rv-Rc at
E2 ¼ 4.9 eV (Ref. 14)]. These features point to optical excitation in GaAs as the dominant source of photocurrent, thus
allowing us to associate this photocurrent with electron IPE
from the GaAs VB into the CB of Al2O3. In the case of
p-type GaAs [panel (a)], the sulphur passivation is seen to
shift the spectral curves towards lower photon energy as
indicated by the horizontal arrow. By contrast, in n-type
GaAs samples [panel (b)] no such clear shift is observed,
suggesting that the (NH4)2 S treatment results in electric ﬁeld
penetration into the p-type MOS samples that leads to a substantial ( 0.4 V) variation of the electrostatic potential
across the GaAs surface layer over a depth comparable to the
mean photoelectron escape depth.15 This variation in band
bending in p-type GaAs corresponds to the shift of the Fermi
level from the position close to the VB top in the samples
with native oxide towards the CB bottom in the sulphur passivated samples, suggesting that the (NH4)2 S treatment has
eliminated the high density of interface traps in the lower
portion of the GaAs gap. This results in un-pinning of the
Fermi level and allows one to shift it across the GaAs
bandgap.16 Then the positive bias applied to the top metal
electrode during IPE measurements would give rise to a
large band bending in p-GaAs as illustrated in the inset in
Fig. 2(a). Most important, however, is the observation that
no measurable change in the IPE spectra occurs when the
GaAs(111)A face is changed to GaAs(111)B, irrespective of
the initial GaAs surface treatment and the kind of semiconductor conductivity type—even so, as known, with the density of interface defects being signiﬁcantly different between
the samples with native GaAs oxide and those with GaAs
surfaces subjected to S-passivation.
The spectral threshold of electron IPE from the GaAs
VB into the CB of Al2O3 (Ue) was determined from Y1/3-h
plots12,13 by extrapolating the yield to the constant level of
the sub-threshold signal, where the latter is related to sample
heating by incident light.17 This is illustrated in Fig. 3 for p-

FIG. 3. Cube root of the IPE yield, measured with the average strength of
electric ﬁeld in the oxide of 1 MV/cm, at the interfaces of p-doped (a) and ndoped (b) GaAs(111) samples with an Al2O3 layer for different surface orientations and pre-ALD treatments. The vertical lines mark the inferred
thresholds, Ue, of electron IPE from GaAs into Al2O3.
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[panel (a)] and n-type [panel (b)] samples. In p-type samples
fabricated by deposition of Al2O3 on native oxide (*, h),
the yield rises up at Ue  3.25 eV for both GaAs surface
orientations, indicating the absence of crystallographically
sensitive dipoles. The same threshold Ue is observed on all
n-type samples as shown in panel (b). Treatment of p-GaAs
in (NH4)2 S results in lowering of the threshold by 0.4 eV
which, as already discussed above, is likely to be caused by
penetration of electric ﬁeld into the GaAs photoemitter.
Next, the inferred Ue values were plotted as a function of
the square root of the electric ﬁeld (F) across the Al2O3 layer
(the Schottky plot), calculated by simultaneously taking into
account the built-in voltage. The latter was determined as the
bias voltage corresponding to zero photocurrent, i.e., to the ﬂat
bands in Al2O3. The results are summarized in Fig. 4 which
also shows the previously reported results for the non-polar nGaAs(100) interfaces with an Al2O3 layer grown either by thermal (") (as applied here) or plasma-assisted ( ) ALD.8 Except
for the S-passivated p-GaAs samples (!, ~, ^, 3), which,
as mentioned, are affected by the electric ﬁeld penetration in
the GaAs, the thresholds of electron IPE at the GaAs(111)A/
Al2O3 and GaAs(111)B/Al2O3 interfaces fall (n, h, and the
encircled symbols in Fig. 4) on the same trendline as those
observed at the GaAs(100)Al2O3 interfaces (", ), indicating
that the energy barrier between the top of the GaAs VB and the
bottom of the Al2O3 CB remains the same. Extrapolation to
zero ﬁeld yields the barrier Ue(F ¼ 0) ¼ 3.4 6 0.1 eV—one
coinciding value, irrespective of the GaAs surface orientation
and the pre-ALD surface treatment. Moreover, given that
defect generation during GaAs oxidation is seen to be a result
of strain relief occurring through ejection of surface atoms,18
oxidation-induced variation of the surface atomic composition
may also be excluded as the possible source of interface dipole
formation since no Ue variation is found at interfaces with different trap density.
From a more general perspective, the results of the present work suggest that the orientation and processingsensitive surface dipole formation well established before for
clean GaAs surfaces3–6 cease to work at the interface with an
insulating Al2O3 layer. The possible explanation of the latter

Appl. Phys. Lett. 100, 141602 (2012)

effect might be related to the fact that, unlike the case of an
uncovered GaAs surface, at an interface charge transfer may
occur not only between the atoms at the very surface of the
semiconductor but also between atomic layers located in the
oxide more remote from the geometrical plane of the interface. For instance, in the model proposed in Fig. 11(a) of
Ref. 2, the additional partial charges may be positioned on
Al atoms making up the layer next to the group VI (oxygen
or sulfur) atomic plane. Importantly, this second dipole layer
will be of opposite orientation than that formed at the GaAs
surface and, hence, will compensate it. As the results of the
present work suggest, this compensation appears to be complete within the accuracy of the IPE measurements.
Here, it should be added that this conclusion does not
contradict the earlier reported19 lowering of the interface
electron barrier by  0.3 eV upon high-temperature annealing of In0.53Ga0.47As(100)/Al2O3 entities: This barrier variation is probably caused by the oxide CB bottom shift due to
in-diffusion of In or Ga into the Al2O3 ﬁlm since a comparable red shift is also found at the opposite Al/Al2O3 interface
in the same MOS structures. Also, the sensitivity of the IPE
spectral curves to the GaAs(100) surface treatments20 is
unlikely to be due to interface dipoles because, as already
discussed in detail,8 development of a low energy IPE band
correlates with the growth of a narrow gap Ga2O3-like interlayer between GaAs and Al2O3.
From the practical point of view, the revealed absence
of signiﬁcant (>0.1 eV) orientation-sensitive dipoles at
GaAs/Al2O3 interfaces represents good news for AIIIBV
MOS channel design: The MOS devices can be fabricated on
the GaAs face delivering the highest carrier mobility without
worrying about a dipole-induced threshold voltage shift.
Moreover, the non-planar AIIIBV MOS transistor design
becomes more feasible21–23 as no additional compensation is
required for potentially different threshold voltage at the differently oriented faces of a 3D channel.
To conclude, the IPE experiments reveal that the electron barrier height between the top of the GaAs VB and the
bottom of the Al2O3 CB shows no measurable variation
when changing the surface orientation of the GaAs substrate
crystal and its chemical treatment prior to Al2O3 deposition.
This result suggests that the surface dipoles known from previous studies at the free GaAs surfaces are largely compensated by charge transfer between atoms in the oxide layer.
The authors acknowledge Ian Povey and Aileen O’Mahony from Tyndall for work on the InGaAs surface preparation and ALD oxide growth and the authors PKH and EO’C
gratefully acknowledge the ﬁnancial support of the Science
Foundation Ireland strategic research cluster FORME under
Project No. 07/SRC/I1172.
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FIG. 4. The Schottky plot of the electron IPE thresholds measured on the
differently prepared GaAs(111)/Al2O3 interfaces, on comparison with the
values observed at GaAs(100)/Al2O3 interfaces with the oxide grown by
thermal (") or the plasma-assisted ( ) ALD. Filled and open symbols correspond to n-type GaAs and p-type GaAs samples, respectively. Encircled
datapoints correspond to the overlapping spectral threshold results as measured on different samples under þ2 V bias applied to the top Au electrode.
Line illustrates determination of the zero-ﬁeld barrier.
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